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In Silico Approach: Effect of the Oxidation Iron State (Heme-Group) in
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Jorge Organista-Nava 2 One of the main design features of enzyme regulators for the CYPs is
the presence of a heme-group and different oxidation states in iron
atoms. The selective inhibition of a CYP-enzyme can help to reduce
Berenice Illades-Aguiar 2 the formation of steroidal molecules that causes undesirable disorders
and is, therefore a topic of great biochemical-pharmaceutical interest.
The present work carried out an analysis of effect on the coupling-
energy of the iron core according to its changes from oxidation Fe(II)
to Fe(III) state, over inhibitors and substrates, in a particular enzyme.
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INTRODUCTION

Iron is present in the human body, having many biological functions; for example, as a coordination metal with
molecular oxygen, on the heme group of hemoglobin, being a decisive couple for cell oxygenation!3. The cytochrome
P450 (CYP) enzymes are membrane-bound hemoproteins involved in oxidative processes leading to the activation or
inactivation of many endogenous and exogenous chemicals in mammals and plants. These enzymes play a critical
role in xenobiotic detoxification, cellular metabolism, and homeostasis®. CYPs play essential roles in dehydrogenation
and oxidative processes; in these last, for example, by adding hydroxyl groups in specific positions of molecules.
CYP17A1 hydroxylates the 17a pregnane position stereoselectively or oxidizes the pregnane side chain at C-17 to
produce the 17-oxo function, in which two carbon atoms are eliminated. A similar process occurs with CYP11A1,
CYP19A1, and CYP21A2 (Figure 1)*5. This catalytic process is assisted by NADH and NAD, in which the initial Fe(III)
changes towards different oxidation states. In this cycle, the substrate (RH or ROH) is coupled to Fe(III) and reduced
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to Fe(I), maintaining the complex with the substrate; then, an oxygen molecule binds to the Fe(Il) complex until the
oxidation process is completed to form the product (RH(R)ROH or ROH(R)R=0) (Figure 2). The critical step occurs
in the reduction step Fe(11I) to Fe(II) since the complex must be sufficiently stable to accomplish the catalytic process?6”.
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Figure 1. Cholesterol steroidogenesis*®.

Cholesterol steroidogenesis is related to the development of hormone-dependent cancers (prostate, testicle, breast,
cervix), for which inhibitors are continuously sought®1°. This has led to searching for drugs against the related enzymes
shown in the steroidogenesis map (Figure 1). The commercial drug abiraterone was designed to inhibit CYP17A1, but
it produces undesirable side effects; it lacks selectivity, simultaneously inhibiting CYP21A21011, For CYP19Al,
exemestane is available, but it has a low affinity to CYPs, and therefore this drug exhibits low inhibition constant (Kj);
so, its inhibitory effect is attenuated at high concentrations of the substrate!>13. Also, specific mutations or non-selective
inhibitions of steroidogenic CYPs are related to various pathologies®214.

CYP11A1's deletion completely stops steroid hormone production, generating hermaphroditism, osteoporosis,
cryptorchidism, and sterility. CYP17A1 inhibition generates congenital adrenal hyperplasia and hypertension.
CYP19A1 inhibition induces osteoporosis and virilization in women due to increased production of androgens>'.
Mutations or inhibition of CYP21A2 generates congenital adrenal hyperplasia, perineal hypospadias, chordee,
hyperandrogenism, and decreases corticosteroid production’1?.
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The importance of the biological mechanism of the steroidogenic CYPs lies in its chemo-, diastereo- and stereoselective
steroid oxidation. Although the general catalytic cycle of CYPs!8 indicates only the transformation Fe(III) to Fe(II)*18,
the cycle for CYP19A1 includes the presence of Fe(IV); but both converge in the critical step (Figure 3), which is found
in the change from Fe(11I) to Fe(I)®. Until now, the design of i silico inhibitors for CYP11A1%, CYP17A1%, CYP19A1%,
and CYP21A2% has only been focused on the basal form of the enzyme??. However, the effect of changes in their
binding coupling energy (BCE) is crucial to explain the selectivity of inhibitors in a catalytic process compared to their
natural substrates; this last is the objective of this work.
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Figure 3. CYPs catalytic cycles. A: Generals; B: Specific of the CYP19A1%.

MATERIALS AND METHODS

Hardware and Software

The hardware used was PC Inter® Core™ i9-10900 RAM 64.00 GB @2.80 GHz, Windows 10-64 bit, Chem3D 17.1,
Discovery Studio® (https://www.3ds.com/), AutoDockTools® (https://ccsb.scripps.edu/mgltools/)?* and
AutoDock Vina (http:// vina.scripps.edu/)?.

Co-Crystals/Ligands

Substrates and inhibitors were obtained from the Protein Data Bank (https:/ /www.rcsb.org/) as co-crystals with the
CYPs, cholesterol (PDB ID 3N9Y), (22R)-OH-cholesterol (3N9Z), dihydroxycholesterol (3NAO), (20S)-OH-cholesterol
(3NA1)®, abiraterone (4NKV), 17a-OH-pregnenolone (4NKz), 17a-OH-progesterone (4NKY), pregnenolone
(4NKW), progesterone (4NKX)?, 3p-hydroxy-17-(3-pyridyl)androsta-5,16-diene 6-carboxamide (6CHI), 3B-hydroxy-
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17-(3-pyridyl)-5a-androst-16-en-6-one oxime (6CIR), 3f3-hydroxy-17-(3-pyridyl)androsta-5,16-diene 6-carbonitrile
(6CIZ)1, androstenedione (BEQM)¥®, exemestane (3S7S)%, and testosterone (3KDM)32 All molecules were
energetically and geometrically optimized in Chem3D 17.1 using MM23% and PM73 (http:/ /openmopac.net/).

CYPs

The CYPs crystals were obtained from the Protein Data Bank (https://www.rcsb.org/) with the following
identification data (PDB ID): CYP11A1 (3N9Y, 3NA1%); CYP17A1 (4NKV, 4NKZ, 4NKX¥, 6CHIM);, CYP19A1
(3EQM3, 5]KV35, 3575%, 4GL5%); and CYP21A2 (4Y8W, 5VBU¥). They were prepared and optimized by assigning
polar hydrogens to a histidine protonation state, the iron atom charge was assigned using AutoDockTools®2.

Docking Protocol

Molecular docking was performed in AutoDock Vina%, validating firstly each one of the proteins and their co-
crystallized substrate/inhibitor, taking a root mean square deviation (RMSD) <1.0 A as the cut-off limit, and then
incorporating iron under diverse oxidation states for all possible inhibitors and substrates.

Assessment

The selection of enzyme crystals was carried out according to the quality of each crystal and co-crystallized inhibitor
or substrate. Later, proteins were prepared to assign charges Il or III for the iron atom of each enzyme and compare
their best binding couple energy (BCE), according to the oxidation state and the associated protein, as well as the
selectivity vs. other proteins, to finally analyze the chemical environment around the heme group in each case.

RESULTS AND DISCUSSION

Data availability for CYP11A1, CYP17A1, CYP19A1, and CYP21A2 crystals is extensively described in different
databases, permitting the selection of suitable crystals for the inhibitor design. Additionally, it is crucial to know how
it inhibits the enzyme, being of particular interest the oxidation state change in the first step of the mechanism. Even
if all proteins share the same redox process, the nature of the pocket in each enzyme is different, presenting a particular
effect with the endogenous substrate or co-crystallized inhibitors®.

For CYP11Al, two crystals were prepared for each oxidation state; it is denoted that there was no change in the
coupling energy. A slight decrease in energy (although not significant) is observed between the crystals. Both were co-
crystallized with endogenous substrates presenting an ideal conformation for competitive inhibition. The CYP11A1
enzymatic activity presented a lower coupling energy than the substrates, which explains how it is displaced and
released by the new substrate molecule after being converted. For the 3N9Z crystal, there are minimal changes of the
order of 0.1 kcal/mol for the substrates, while for the 3N A1 crystal, they remain constant, indicating that the oxidation
state in the first reaction step is not significant in the design of the competitive inhibitors for this enzyme. It is also
highlighted that abiraterone (CYP17A1 inhibitor) has a higher energy than natural substrates, which places it as a
possible inhibitor of this enzyme, highlighting possible side effects (Table I). In the case of the cholestane side chain
oxidation in the steroidogenesis, the steroid molecules interact with the heme group in two steps: firstly, the insertion
of a hydroxyl group, and secondly, in a further interaction its fragmentation is realized, giving rise to a pregnane side
chain. Figure 4 shows minimal changes in the steroid's position according to the iron atom's different oxidation states,
which explains the similar values in their BCE.

Tablel.  Effect on the coupling energy in the CYP11Al according to the oxidation state of iron in the heme group.

Molecule/PDB-ID 3N9Z 3NA1
Fe Charge III II III II
Cholesterol -11.1 -11.2 -11.5 -115
(20S)-hydroxycholesterol -114 -11.3 -11.7 -11.7
Dihydroxycholesterol -11.5 -11.5 -11.6 -11.6
(22R)-hydroxycholesterol -11.4 -11.5 -11.8 -11.8
Abiraterone -11.9 -11.9 -12.0 -12.0
Progesterone -10.8 -10.8 -10.7 -10.7
Pregnenolone -10.7 -10.7 -10.7 -10.7
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Figure 4. Interactions of the CYP11A1 with a) cholesterol, 3N9Z, Fe(Il), b) Cholesterol, 3N9Z, Fe(III), c) Pregnenolone, 3N9Z, Fe(II), and
d) Pregnenolone, 3N9Z, Fe(III).

In the case of abiraterone, it did not show significant changes in the BCE using the two oxidation states. Both crystals
displayed interactions of the rings A and B with Ile84 (blue). However, the interaction between the A ring and Val348
was only present in the 3N9Z crystal and Leu456 (red) in the 3N A1 (Figure 5). For rings D and E, only the 3NA1 crystal
presented an interaction with the heme group, which corresponds to the literature’20 and reflects the importance of
the pyridyl ring in its inhibitory activity, as well as its orientation towards the heme group; this difference of the two
crystals reflects the three-dimensional conformation of the active site and not the oxidation state®.

-

Figure 5. Interactions of the abiraterone and the CYP11A1 with a) 3N9Z, Fe(Il), b) 3N9Z, Fe(lll), c) 3NAL, Fe(Il), and d) 3NAL, Fe(III).

On the other hand, the two co-crystals of the CYP17A1 are designed inhibitors pharmacologically proved (Table II).
In the case of the 6CHI crystal, there are minimal differences according to the charge, with a decreasing tendency in
the Fe(Il) state. Although independent of the oxidation state, the correlation between energy and the reported
inhibitory effect can be demonstrated, noting that the abiraterone (reference drug) has higher energy than the four
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natural substrates; the same effect is observed for the other experimental inhibitors. In contrast, for the 4NKV crystal,
the oxidation state change generates a significant change in the coupling energy, which decreases by around 50%,
maintaining higher coupling energy for the inhibitors than the endogenous substrates; the energy decrease can be
explained. Because making the change in the oxidative state, allows a separation for the insertion of oxygen, which
will carry out the substrate oxidation, although, in the inhibitors, this change is not favored because it would decrease
inhibitory activity®.

Table IIl.  Effect on the coupling energy at CYP17A1, according to the oxidation state of iron in the heme group.

Molecule/PDB-ID 6CHI 4ANKV
Fe Charge III I III II
Exemestane -10.9 -10.8 -11.0 -5.8
Testosterone -10.5 -104 -11.0 -5.3
Progesterone -11.2 -11.2 -11.7 -5.0
Pregnenolone -11.0 -11.0 -11.5 -5.2
17a-OH-progesterone -11.4 -11.4 -12.0 -5.7
17a-OH-pregnenolone -11.1 -11.0 -11.4 -5.5
Abiraterone -12.2 -12.2 -13.3 -5.6
Amide-abiraterone -12.8 -12.8 -13.4 -5.5
Nitrile-abiraterone -12.7 -12.7 -13.3 -5.6
Oxime-abiraterone -13.3 -13.2 -12.3 -5.8
Androstenedione -10.6 -10.6 -11.4 -5.7

To explain the energy results, a 3D analysis of the interactions and position of the molecules with the protein crystals
was carried out (Figure 6). In the case of coupled with the 6CHI crystal, the interactions responsible for the coupling
energy are mainly hydrophobic, between the protein and the steroidal nucleus, and not with the heme group.
Therefore, it is explained that iron's oxidation state does not directly impact the BCE. In contrast, in the 4NKV crystal,
when changing the oxidation state to Fe(Ill), it is the A ring that binds to the iron site of the heme group, decreasing
the coupling energy considerably#!. This crystal was crystallized with a reference inhibitor; its conformation is slightly
altered, and although it has been widely used for design studies of inhibitors of this enzyme when comparing the
results with the endogenous substrates, it would be indicated to use the 6CHI CYP17A1 crystal.

s 2 .
Fb(llpu‘
I\

Figure 6. Interactions of the pregnenolone and the CYP17A1 with a) 6CHI, Fe(II), b) 6CHI, Fe(III), c) 4NKV, Fe(ll), and d) 4NKV, Fe(1II).

In contrast to the reference inhibitors for 4ANKV (Figure 7), the position of interaction between the pyridine ring and
the iron of the heme group is unaltered. The energy decreases in the case of the Fe(1lI) state because when the oxidation
state changes, it loses the pi-cation and pi-pi interaction with the pyrrolic rings of the heme group; the interaction
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occurs between Fe(Ill) with the nitrogen electron pair, due to an increase in the acidity of the iron, increasing the
interaction but preventing others, resulting in a lower the coupling energy*. In the case of the results obtained in the
6CHI, energetic stability is maintained between the coupling energy independent of the oxidation state, reaffirming
the appropriate choice for the design of competitive inhibitors of CYP17A1.

" "\ |
£ \‘ \,Fe(ll)

LEU180

LEU76 TTILE205

Figure 7. Interactions between the abiraterone and the CYP17A1 with a) 6CHI, Fe(Il), b) 6CHI, Fe(IlI), c) 4NKYV, Fe(Il), and d) 4NKYV,
Fe(I1I).

Similarly, for CYP19A1, the molecular docking results show a similar energy level independent of the oxidation state
and the crystal used, which makes their use ideal for inhibitor design. Exemestane (reference drug) presents higher
coupling energy than the substrates (testosterone and androstenedione), which is consistent with the design of
inhibitors. In contrast, abiraterone and its derivatives have lower energy, so they are not inhibitors of this enzyme, but
continue to maintain the same energy level between both crystals and oxidation states, except nitrile-abiraterone,
which when passing to Fe(Il), the energy decreases by 0.3 kcal/mol. In comparison, abiraterone increases by 0.2 kcal/
mol; although they are not significant, they must be considered for the design of inhibitors that work independently
of the oxidation state in the initial phases of the catalytic cycle (Table III). The high similarity of the coupling energy
is due to the interactions between the A and D rings with the heme group's porphyrin and the surrounding sidechains,
for both exemestane and androstenedione. Figures 8 and 9 show that regardless of the crystal, the oxygens at C-3 and
C-17 form polar interactions with the amino acid sidechains surrounding the heme group and not with it, explaining
the absence of a change in the coupling energy.

Table III.  Effect on the coupling energy in the CYP19A1 according to the oxidation state of iron in the heme group.

Molecule/PDB-ID 3EQM 5]JKV
Fe Charge 111 11 III II
Exemestane -14.2 -14.2 -14.2 -14.2
Testosterone -13.0 -13.0 -13.0 -13.0
Abiraterone -8.0 -8.2 -8.3 -8.3
Amide-abiraterone -8.4 -8.4 -7.8 -7.8
Nitrile-abiraterone -8.1 -8.1 -8.0 -8.0
Oxime-abiraterone -9.0 -9.0 -8.8 -8.8
Androstenedione -14.0 -14.0 -14.0 -14.0
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Figure 8. Interactions between the exemestane and the CYP19A1 with a) 3EQM, Fe(II), b) 3EQM, Fe(1I), c) 5]KV, Fe(Il), and d) 5]KV,
Fe(1II).

“LEU433

4 -
Figure 9. Interactions between the androstenedione and the CYP19A1 with a) 3EQM, Fe(ll), b) 3EQM, Fe(1ll), ¢) 5]KV, Fe(1l), and d)
5JKV, Fe(IlI).

Despite when studying whether CYP17A1 inhibitors could present an adverse effect of competitive inhibition for
CYP19A1, they do not reach the same energy level as the substrates and exemestane because their greater interaction
does not place them in the specific site, not allowing them to have direct interaction with the heme group. It can be
seen in Figure 10 how the 5JKV crystal interacts with the outer loops, while with the 3EQM crystal, it is the double
bond that interacts in the vicinity of the heme group but without a significant effect.
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Figure 10. Interactions between the derivative nitrile-abiraterone and the CYP19A1 with a) 3EQM, Fe(Il), b) 3EQM, Fe(IlI), c¢) 5]KV,
Fe(1I), and d) 5]JKV, Fe(III).

In contrast to the previous enzymes, for CYP21A2, the changes generated by the oxidation state and the crystal are
considerable. In addition to this, it presents adverse effects with steroidogenesis inhibitors'®!. For the natural
substrates for the 4Y8W crystal (Table IV), the oxidation state is not relevant for the coupling energy, however for the
abiraterone, the energy increases when the iron is reduced, which, although it is not higher than the natural substrates,
athigh doses can generate a competitive effect, similar to the one observed with oxime-abiraterone. On the other hand,
for the 5BVU crystal, in all cases, a change in coupling energy is observed, decreasing for natural substrates and
increasing in inhibitors, particularly for abiraterone producing an increase of 0.4 and 1.0 kcal/mol for the oxime-
abiraterone derivative. For the above, for competitive inhibition purposes, the 5BVU crystal is adequate, while for
complete inhibition, 4Y8W is a better fit because the oxidation state has less effect on the coupling energy. However,
it was to be considered how the impact of the oxidation state of iron is fundamental for the inhibitors design of
CYP21A2 or specific inhibition of the rest of steroidogenesis.

Table IV. Effect on the coupling energy in the CYP21A1 according to the oxidation state of iron in the heme group.

Molecule/PDB-ID 4YSW 5BVU
Fe Charge 111 II 111 II
17a-OH-progesterone -12.0 -12.0 -12.8 -12.0
Progesterone -12.2 -12.2 -11.8 -11.8
Abiraterone -10.4 -10.8 -10.5 -10.9
Amide-abiraterone -10.2 -10.2 -8.8 -8.8
Nitrile-abiraterone -10.2 -10.2 -8.9 -8.9
Oxime-abiraterone -10.3 -10.9 -10.0 -11.0

The observed interactions in the change of coupling energy (Figure 11) are clearly due to the direct interaction between
the oxygen of the ketone in C-21 with the iron atom, which generates small changes when increasing to Fe (I1I). It was
also observed that a greater distance in 4Y8W than in 5VBU due to the co-crystals being the initial and final phases of
the hydroxylation mechanism. In the case of abiraterone, which has shown adverse effects on the CYP21A2, the
pyrimidine ring is orientated to the heme group, except in the case of the 5VBU crystal and Fe(Ill), where the
interaction occurs with the A ring, which generates a change in the coupling energy, in addition to this, it is observed
that the B and C rings form interactions with the Trp 202 residue (Figure 12).
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Figure 11. Interactions between the 17a-OH-progesterone and the CYP21A1 with a) 4Y8W, Fe(Il), b) 4Y8W, Fe(Ill), c) 5VBU, Fe(Il), d)
5VBU, Fe(I).
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Figure 12. Interactions between the abiraterone and the CYP21A1 with a) 4Y8W, Fe(1I), b) 4YS8W, Fe(llI), c¢) 5VBU, Fe(ll), and d) 5VBU,
Fe(1I).

CONCLUSION

The effect of the oxidation state of the iron atom on the BCE depends on the functional groups present in the analyzed
molecule and its orientation with respect to the heme group. Groups having direct interaction with the iron atom have
a more significant effect. Of the eight investigated crystals, CYP11A1 presented no energy differences with the Fe(Ill)
and Fe(Il) oxidation states. CYP17A1 had a marked difference on the 4NKYV crystal, which was absent on the 6CHI.
Therefore, in silico inhibitor design for this enzyme is suggested using 6CHI. For the CYP19A1, only the abiraterone
presented an energy difference, having a better coupling energy for the Fe(Il), which was a result of the direct
interaction with the pyridyl ring; because of this little difference, both crystals can be used for inhibitor design. In the
case of CYP21A2, 17a-OH-progesterone had a higher BCE (0.8 kcal/mol) with Fe(IlI) in the 5VBU crystal; abiraterone
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also had a higher coupling energy (0.4 kcal/mol in both crystals) but with the Fe(1l) state; and the oxime-abiraterone
derivative had a greater BCE (0.6 kcal/mol for 4YS8W and of 1.0 kcal/mol for 5VBU) on Fe(ll). Therefore, both crystals
can be used to design a selective inhibitor, understanding that by choosing the oxidation state of the iron, we are also
selecting the phase of the catalytic cycle in which the inhibition will occur. The oxidation state will define in which
phase of the catalytic cycle the interaction is being evaluated, so it is essential to carry out a previous study of the
enzyme being analyzed. Therefore, for an in silico inhibitor design, it is necessary to define which phase of the catalysis
to inhibit and which oxidation state of the iron will be used. Otherwise, there is a risk of having results corresponding
to another cycle phase.
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